Introduction {#sec1}
============

Stress is an integral part of life. It fundamentally serves to protect from danger and adapt to challenges. The adaptive stress response can, however, become detrimental when it is turned on too frequently or does not properly shut off ([@ref184]). Responses to stress include feelings of distress and negative emotions. Acute stress can impair executive functions ([@ref246]) and adversely affect performance and decision-making, such as during surgeries ([@ref14]; [@ref59]), emergency service operations ([@ref225]) and military operations ([@ref205]; [@ref110]). Moreover, chronically elevated emotional responses to stress increase long-term daily negative affect and the risk on developing affective disorders ([@ref186]; [@ref55]; [@ref256]). Finding ways to modulate acute emotional responses to stress, also called emotional stress reactivity, is therefore relevant for daily functioning and wellbeing.

Emotional stress reactivity is associated with multiple brain regions, including the amygdala, hippocampus and frontal cortical areas. The prefrontal cortex (PFC) plays an important role in regulating acute stress responses on physiological, behavioral and affective levels ([@ref224]). Within the PFC, the ventromedial part (VMPFC) contains the major structural prefrontal--amygdala connections ([@ref142]) and modulates the hypothalamic--pituitary--adrenal (HPA) axis response to stress ([@ref75]). Higher activation of the VMPFC is associated with reduced amygdala activity, diminished experience of negative emotions and better fear extinction learning ([@ref73]). The lateral parts of the PFC, the dorsolateral PFC (DLPFC) and the ventrolateral PFC (VLPFC) are associated with intentional or effortful emotion regulation by employing cognitive strategies, including (re)appraisal of emotional stimuli, response inhibition, attention regulation, and working memory ([@ref213]; [@ref251]; [@ref274]; [@ref204]; [@ref50]; [@ref146]; [@ref83]; [@ref194]; [@ref157]). Yet, PFC structure and PFC functions are particularly vulnerable to the effects of acute and chronic stress ([@ref185]; [@ref12]; [@ref224]; [@ref246]). Moreover, stress and anxiety symptoms, characterized by exaggerated or context-inappropriate acute emotional response to stress, are clearly related to impaired PFC functioning ([@ref41], [@ref40]; [@ref84]; [@ref26]; [@ref257]; [@ref104]; [@ref171]; [@ref284]; [@ref269]). Enhancing the regulatory function of the PFC could thus improve appropriate downregulation of stress-related emotions.

In addition to targeting PFC functioning with pharmacological (see, e.g. [@ref108]; [@ref167]) and psychological treatments (see e.g. [@ref47]; [@ref243]; [@ref102]; [@ref52]), non-invasive brain stimulation (NBS) may provide another means to modulate stress reactivity. Two widely used NBS techniques are repetitive transcranial magnetic (rTMS) and transcranial direct current stimulation (tDCS). With rTMS, magnetic pulses are delivered to the scalp that can increase or decrease neural excitability and shape synaptic plasticity in the underlying cortical areas. An increase in neural excitability is generally induced by high-frequency rTMS (pulse frequency ≥5 Hz), whereas a decrease in neural excitability is generally induced by low-frequency rTMS (pulse frequency 0.1--1 Hz) ([@ref128]; [@ref91]; [@ref65]; [@ref278]; [@ref60]). Theta burst stimulation (TBS) is a specific form of rTMS using trains of three 50 Hz pulses repeated every 200 ms. When delivery of these pulse trains is intermitted by 8-s pauses, neural excitability generally increases, while neural excitability generally decreases when the pulse trains are delivered continuously or prolonged ([@ref97]; [@ref128]). To control for placebo effects, active rTMS is compared to sham rTMS, where the rTMS coil is tilted or equipped with a magnetic shield to mimic the clicking sounds and, to some extent, the peripheral skin sensations without effective brain stimulation ([@ref79]). With tDCS, a weak electrical current (1--2.5 mA) is applied between two electrodes placed on the scalp that can change cortical excitability in a polarity-dependent fashion ([@ref201]). Anodal tDCS generally facilitates neural excitability and plasticity, while cathodal tDCS generally decreases neural excitability and plasticity ([@ref163]; [@ref65]; [@ref60]). Active tDCS is commonly compared to sham tDCS, where the current is only ramped up and down at the beginning of the stimulation to mimic skin sensations without any effective stimulation of the brain ([@ref7]). When applied to the PFC, both rTMS and tDCS effects also influence brain regions that are distal but connected to the stimulated region, including contralateral prefrontal areas and limbic regions such as the amygdala ([@ref245]). To illustrate the rTMS- and tDCS-induced electric field distributions over the cortical surface, [Figure 1](#f1){ref-type="fig"} depicts simulated images based on two examples of NBS montages that can be used for prefrontal NBS.

![Example of simulated images of induced electric fields by an rTMS and a tDCS montage (SimNIBS 2.1, [@ref260]). Note the difference in focality and magnitude of the electric fields induced by the two NBS techniques. The depicted rTMS-induced field simulation is based on a pulse with a current change of 40 A/μs, corresponding to 40% maximum stimulator output of a rapid rate stimulator, from a figure-of-eight double 70 mm coil placed over the 10--20 system electrode position F3 (left DLPFC). The depicted tDCS-induced field simulation is based on a direct current with an intensity of 2.0 mA flowing between a 5x7 cm anode and a 5x7 cm cathode, placed over electrode position F3 (left DLPFC) and Fp2, respectively.](nsaa011f1){#f1}

Some evidence for the effectivity of rTMS and tDCS in modulating stress- and emotion-related processes comes from NBS interventions that have been carried out in the area of stress-related affective disorders. For example, applying rTMS over the DLPFC can reduce symptoms of depression ([@ref239]; [@ref36], [@ref37]; [@ref99]), PTSD ([@ref43]; [@ref35]; [@ref212]; [@ref3]; [@ref148]), and possibly also generalized anxiety and panic disorder ([@ref173]; [@ref72]; [@ref74]; [@ref15]; [@ref270]). However, some studies showed no effects ([@ref216]; [@ref70]), and uncertainties remain regarding the optimal rTMS settings, such as pulse frequency ([@ref279]) and target region ([@ref3]). Effects of tDCS on stress-related symptoms have to date been investigated to a lesser extent than rTMS. Nonetheless, there is evidence that anodal tDCS over the left DLPFC reduces depressive symptoms ([@ref247]). Moreover, two sham-controlled studies showed significantly reduced PTSD symptoms after interventions with bilateral tDCS over the DLPFC ([@ref4]) or anodal tDCS over the VMPFC during trauma exposure ([@ref264]). Further reports of tDCS effects on anxiety are summarized by [@ref270]).

Although these effects of NBS interventions on stress-related symptoms look promising, the evidence remains inconclusive and leaves unclear how NBS is influencing stress- and emotion-related processes. Therefore, NBS effects on underlying biological and cognitive mechanisms of stress and emotion have been further examined in many experimental studies in healthy volunteers that investigate how acute stress-related processes are affected directly after NBS. Such studies showed, for example, that a single session of prefrontal NBS does not directly change baseline mood in healthy individuals ([@ref227]). On the other hand, some prefrontal NBS methods, such as high-frequency rTMS and anodal tDCS to the DLPFC, influence cognitive processes that support the regulation of acute emotional stress reactions; applying these prefrontal NBS methods in a single session already enhances working memory performance ([@ref217]; [@ref49]; [@ref20]), may adjust attentional bias to threat ([@ref286]; [@ref192]) and can modulate identification and retrieval of emotional information, response inhibition and risky decision-making ([@ref161]; [@ref200]; [@ref22]; [@ref152]; [@ref192]; [@ref30]). Furthermore, a recent meta-analysis showed that a single session of high-frequency rTMS and, to a lesser extent, anodal tDCS to the PFC attenuates activity of the autonomic nervous system ([@ref170]), which plays an important role in the acute physiological stress response.

Together, this suggests that prefrontal NBS could modulate how one responds to stress. Several NBS studies on emotional stress reactivity have already been performed, where NBS is applied either directly before or during a stress manipulation. Laboratory stress manipulations are typically used, such as exposing participants to aversive visual material like arousing pictures or movie clips with emotionally negative content. Because aversive stimulus viewing paradigms use symbolic representations of a stressor (e.g. pictures of mutilated bodies), these paradigms can be considered passive stress inductions. Other studies use psychosocial stress manipulations, such as the Trier social stress test (TSST) ([@ref143]) or social exclusion in the Cyberball game ([@ref277]). Aversive physical or auditory stimuli can also be used to induce stress, such as cold, heat or pain or electrical shocks and loud noises in fear-conditioning paradigms. All these laboratory stress manipulations increase feelings of unpleasantness and arousal and elicit immediate stress responses at the level of the sympathetic nervous system ([@ref156]; [@ref280]; [@ref38]; [@ref165]; [@ref266]; [@ref45]; [@ref100]; [@ref248]; [@ref140]; [@ref180]; [@ref6]; [@ref254]). Stress responses at the level of the HPA axis can also be elicited, particularly by psychosocial stressors ([@ref6]; [@ref117]), prolonged physical stressors ([@ref266]), cognitive challenge stressors ([@ref71]) and, to some extent, negative mood inductions ( [@ref207]; [@ref95]; [@ref232]). Reactivity to these stressors can be assessed on different facets. Next to behavioral and physiological reactivity, the subjective experience of emotions represents another aspect of the stress response ([@ref69]; [@ref181]). Emotional experiences in response to these stress manipulations are usually measured by self-report on negative emotional state scales or questionnaires, assessed during or directly after the stress manipulation. Emotional reactivity can also be assessed by rating the perceived emotional content of aversive stimuli used in the stress manipulation ([@ref156]). Such laboratory stressors and emotional measurements provide a controlled environment to assess the direct effects of NBS on subjective emotional stress reactivity.

Individual NBS studies on emotional reactivity may use diverse NBS techniques, diverse stress manipulations and diverse measurement methods. The findings across these different studies could collectively demonstrate the immediate effects of NBS on global emotional reactivity and thereby provide insights into the usefulness of a single session of NBS in modulating affective stress responses. Therefore, we assembled all measurements of self-reported emotional responses to stress after a single session of prefrontal NBS from previous studies. This systematic review aims to provide an interim overview and quantification of the effects of rTMS and tDCS studies with healthy participants. Since effectiveness of rTMS and tDCS may diverge ([@ref48]; [@ref170]) and pulse frequency or current polarity may determine the direction of effects, results of low- and high-frequency rTMS and of anodal and cathodal tDCS were considered separately. Where the sample size of studies in the analyses allowed, we additionally examined the quantitative influence of targeted hemisphere (left PFC *vs* right PFC) and type of stress (passive stress induction, psychosocial stress or physical or auditory stress).

Method {#sec2}
======

Literature search {#sec3}
-----------------

The electronic databases MEDLINE, Web of Science Core Collection and Scopus were systematically searched for rTMS and tDCS studies assessing self-reported emotional state in response to a stress induction. We retrieved articles up to October 2019.

Our search contained the following terms: *non-invasive brain/cortical stimulation*, *transcranial brain stimulation*, *transcranial electrical/direct current stimulation*, *repetitive transcranial magnetic stimulation*, *theta burst stimulation*, *stress/stressor*, *threat*, *fear*, *anxiety/anxious*, *emotion/emotional and aggression/aggressive.* To concentrate on adult human studies, we added *human*, *individuals*, *participants*, *subjects*, *men*, *women, NOT child* and *NOT infant*. Because we focused on the PFC, we added *prefrontal*, *frontal* and *PFC*. The exact search terms per database are provided in [Supplementary Material 1](#sup1){ref-type="supplementary-material"}.

Literature review {#sec4}
-----------------

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement ([@ref191]) and Cochrane Handbook ([@ref121]) guided this quantitative review. First, two authors (FS and EG) independently reviewed titles and abstracts on suitability. Second, full text copies of the remaining articles were evaluated for inclusion, and study references were screened for further relevant articles. Discrepancies in judgement of eligibility were resolved by consensus (FS, EG and DS).

Eligibility criteria {#sec5}
--------------------

Retrieved studies were selected if they fulfilled the following criteria:

1.  \(i\) The report is published in a peer-reviewed journal.

2.  \(ii\) The study design includes a control condition. Eligible control conditions are restricted to the commonly used methods to apply sham stimulation as described in the Introduction.

3.  \(iii\) The study procedure includes a stress induction. A stress induction was defined as any adverse or demanding condition that exposes participants to physical, psychosocial, mental (cognitive) or emotional stress. Emotional stress involves stimuli inducing negative stress-related emotions such as fear, anxiety or anger. Studies with sadness-inducing manipulations were also included because they elicit responses that resemble other negative emotion inductions (e.g. fear) in terms of amygdala reactivity ([@ref211]), sympathetic nervous system reactivity ([@ref149]), HPA axis reactivity ([@ref207]; [@ref95]) and feelings of unpleasantness and arousal ([@ref150]).

4.  \(iv\) The study procedure includes the application of rTMS or tDCS over the PFC, with the aim to modulate the outcome measure.

5.  \(v\) The study aims to test NBS effects on emotional responses to a stress induction.

6.  \(vi\) The study reports data of subjective negative emotional state measured within the time frame of NBS (after) effects, in response to the stress induction. This involves all kinds of self-report measures of negative emotional reactivity, including experienced negative emotions and perceived emotional content of negative stimuli (i.e. stimulus ratings). Stimulus ratings differ from ratings of experienced emotions in terms of perspective or reference (stimulus ratings are 'world-focused' while emotional experience ratings are 'self-focused'), but both ratings share features of emotional reactivity ([@ref156]; [@ref222]).

7.  \(vii\) The study participants are healthy adults (18--70 years of age).

8.  \(viii\) The study report is written in English.

Data extraction and processing {#sec6}
------------------------------

To evaluate the effect of prefrontal NBS on emotional reactivity, we focused on outcomes of self-report scores of emotional state questions or questionnaires. Of studies that reported such emotional stress reactivity scores, we examined which NBS methods were applied, which prefrontal region and hemisphere was targeted, what type of stress was induced, which task or context was used in the experiment, which state or trait factors influenced the NBS effects, which NBS settings were applied (pulse/current intensity and quantity, sham condition; tDCS, location of reference electrode) and how and when the outcome was measured.

For additional quantitative analyses, mean scores of emotional reactivity and corresponding standard deviations for the active NBS and sham conditions were extracted from each paper, its Supplementary Materials or data provided by authors on request. If these data were presented in graphs, we extracted the numerical scores and corresponding standard deviations in Plot Digitizer ([plotdigitizer.sourceforge.net](http://plotdigitizer.sourceforge.net)). The emotional state scores assessed during or after NBS (final emotional state scores) were used as the outcome variable in our analyses. If final scores were not available, we used the change from baseline scores instead (*n* = 3), which theoretically addresses the same underlying effect as the final scores in randomized controlled studies ([@ref121]). Higher scores corresponded to stronger negative emotion in most studies. If a reversed scale was used in the original study (i.e. higher scores corresponded to weaker emotion), group mean values were transformed to get in line with the other data by subtracting the original group mean values from the maximum score of the applied scale. Finally, Hedges' g effect size ([@ref113]) was calculated for each separate experiment or outcome with the R package Metafor ([@ref271]; [@ref223]). The correction for overestimating effect sizes in small study samples was applied ([@ref114]), resulting in a corrected Hedges' g (also known as Hedges' d). Negative effect sizes following from these computations indicate that active NBS lowered negative emotional stress reactivity relative to the sham condition.

We estimated the weighted mean effect sizes in separate random effects models for studies using (i) high-frequency rTMS and intermittent TBS protocols, (ii) low-frequency rTMS, prolonged intermittent TBS and continuous TBS protocols, (iii) anodal tDCS protocols, and (iv) cathodal tDCS protocols. The majority of studies reported more than one experiment or outcome of emotional reactivity. To be complete, we included all emotional reactivity outcomes from each study. We controlled for the dependence among effect sizes from the same study by applying robust variance estimation (RVE) ([@ref115]; [@ref190]) using the R package Robumeta ([@ref90]), Metafor ([@ref271]) and ClubSandwich ([@ref220]). With RVE, a covariance matrix is estimated for correlated effects. Weighted mean effect sizes were also corrected for small samples of studies ([@ref262]). Second, we investigated if target hemisphere (left PFC *vs* right PFC) and type of stress induction (passive stress induction *vs* psychosocial stress *vs* aversive physical or auditory stress) influenced the effect of prefrontal NBS on emotional reactivity by adding these factors as categorical moderators to the model. The target hemisphere for tDCS was defined as the hemisphere that was the intended target of the original study, or, in case of a bipolar electrode montage, the hemisphere that was targeted by the anodal electrode. Moderator analyses were only carried out if each subgroup in the analysis contained data from at least four different studies.

Quality and risk of bias assessment {#sec7}
-----------------------------------

Methodological quality of each study was scored based on adequate reporting, external and internal validity and possible confounders, according to the study quality assessment tool for interventions in health care ([@ref78]). Additionally, risk of bias in the method and concealment of group allocation, blinding, selective outcome reporting and other sources of potential bias (e.g. conflicts of interest) were assessed according to the tool of [@ref111]). We assessed risk of publication bias by visually inspecting asymmetry in funnel plots of effect sizes against their standard errors for samples with at least 10 different studies. Funnel plot asymmetry was also formally tested by an Egger's regression test.

Results {#sec8}
=======

The systematic literature search yielded 419 studies ([Figure 2](#f2){ref-type="fig"}). We added 10 studies identified from the references of the retrieved articles. After removing duplicate research, the titles and abstracts of 424 studies were screened for eligibility. Of these, 125 potentially relevant articles were selected for full text evaluation, including 50 studies that fulfilled the eligibility criteria. This final set contained 40 (80%) studies that reported or provided on request the numerical data of emotional state measures or emotional stimulus ratings, including 118 separate outcomes.

![PRISMA flow diagram.](nsaa011f2){#f2}

![Forest plot of the separate outcomes of anodal tDCS studies. The figure additionally depicts for each study the sample sizes of active tDCS and sham tDCS conditions (sham sample size is left blank for crossover studies), the target area for anodal stimulation, the type of stress induction in the experiment and the outcome measure.](nsaa011f3){#f3}

Study characteristics {#sec9}
---------------------

All included studies were performed in healthy young individuals who were free from current psychiatric or neurological conditions. The majority of studies used mixed gender samples, except for seven exclusively female study samples and four exclusively male study samples. Other study details can be found in [Tables 1](#TB1){ref-type="table"} and [2](#TB2){ref-type="table"}. All stimulation-related changes in emotional stress reactivity discussed below are described in comparison with results from sham conditions.

###### 

Characteristics of included rTMS studies

  Reference                                             Design, sample size n(active) \| n(control)   Coil position (localization method)                                                     Stimulation frequency, quantity, intensity   Control condition                       Timing stress induction; timing outcome measure                                                                                        Task/stress induction                                                      Outcome measure
  ----------------------------------------------------- --------------------------------------------- --------------------------------------------------------------------------------------- -------------------------------------------- --------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------- ----------------------------------------------------------------------------------------
  **HF-rTMS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  [@ref189])                                            Within-subjects, 23 \| \~                     Left DLPFC (F3, 10--20)                                                                 10 Hz, 3000 pulses, 110% rMT                 Coil tilted 45°                         Stress induction: 5 min after stimulation; measure: immediately after stress induction                                                 Watching sad movie clips                                                   Sadness (Likert: 1--10), PANAS-negative affect
  [@ref32]) (I)                                         Within-subjects (females only), 20 \| \~      Right DLPFC (5 cm anterior to rMT region)                                               10 Hz, 900 pulses, 110% rMT                  Sham coil                               Stress induction: 10 min after stimulation; measure: during stress induction                                                           Watching negative IAPS pictures                                            Perceived picture arousal and valence (SAM: 1--9)
  [@ref137])                                            Between-subjects, 18 \| 18                    Right DLPFC (neuronavigation to individual activation peak during emotion regulation)   10 Hz, 3000 pulses, 110% rMT                 Coil tilted 90°                         Stress induction: directly after stimulation; measure: during stress induction                                                         Watching negative IAPS pictures                                            Negative emotional experience (VAS: 0--100)
  *Studies with psychosocial stress*                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  [@ref19])                                             Within-subjects (females only), 31 \| \~      Left DLPFC (middle frontal gyrus, neuronavigation)                                      20 Hz, 1560 pulses, 110% rMT                 Coil tilted 90°                         Stress induction: 5--10 min after stimulation; measure: immediately after stress induction                                             Mental counting task with bogus negative feedback                          Anger and depression scales of POMS (VAS: 0--100)
  *Studies with aversive physical or auditory events*                                                                                                                                                                                                                                                                                                                                                                                                                                                
  [@ref105])                                            Between-subjects, 32 \| 30                    Right VMPFC (NIRS channel 26)                                                           10 Hz, 1560 pulses, 110% rMT                 Sham coil                               Fear acquisition before stimulation, fear extinction after stimulation; measure: 5--10 min after stimulation, during fear extinction   Fear extinction learning with 95 dB aversive screams                       Subjective arousal and valence^b^ in response to fear-conditioned stimulus (SAM: 1--9)
  **iTBS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  [@ref203])                                            Between-subjects, 21 \| 20                    Right DLPFC (F4, 10--20)                                                                iTBS, 600 pulses, 80% rMT                    Coil tilted 90°                         Stress induction: 5--10 min after stimulation; measure: 5 min after stress induction                                                   Watching fearful face pictures                                             Perceived picture arousal and valence (SAM: 1--9)
  *Studies with psychosocial stress*                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  [@ref66])                                             Within-subjects (females only), 38 \| \~      Left DLPFC (middle frontal gyrus, neuronavigation)                                      iTBS, 1620 pulses, 110% rMT                  Sham coil                               Stress induction: before stimulation; measure: immediately after stimulation                                                           TSST                                                                       Anger and depression scales of POMS (VAS: 0--100)
  **LF-rTMS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  [@ref287])                                            Between-subjects, 20 \| 19                    Right DLPFC (5 cm anterior to rMT region)                                               1 Hz, 1800 pulses, 120% rMT                  Coil tilted 90°                         Stress induction: 5--10 min after stimulation; measure: 5 min after stress induction                                                   Watching fearful face pictures                                             Perceived picture arousal and valence (SAM: 1--9)
  [@ref32]) (II)                                        Within-subjects (females only), 20 \| \~      Right DLPFC (5 cm anterior to rMT region)                                               1 Hz, 900 pulses, 110% rMT                   Sham coil                               Stress induction: 10 min after stimulation; measure: immediately after stress induction                                                Watching negative IAPS pictures                                            Perceived picture arousal and valence (SAM: 1--9)
  *Studies with psychosocial stress*                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  [@ref92])                                             Between-subjects, 16 \| 13                    Left DLPFC ('Beam F3')                                                                  1 Hz, 1200 pulses, 120% rMT                  Coil tilted 90°                         Stress induction: immediately after stimulation; measure: immediately after stress induction                                           Virtual ball-tossing game (Cyberball) with social exclusion manipulation   Aversive impact scale
  *Studies with aversive physical or auditory events*                                                                                                                                                                                                                                                                                                                                                                                                                                                
  [@ref285])                                            Within-subjects, 11 \| \~                     Right DLPFC (5 cm anterior to rMT region)                                               1 Hz, 1800 pulses, 120% rMT                  Sham coil                               Stress induction: immediately after stimulation; measure: immediately after stress induction                                           Panic attack induced by CCK-4 administration                               Panic symptoms (API, PSS)
  **cTBS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  [@ref141])                                            Between-subjects, 24 \| 24                    Right DLPFC (F4, 10--20)                                                                cTBS, 600 pulses, 80% rMT                    Control site stimulation (Cz, 10--20)   Stress induction: immediately after stimulation; measure: 5--10 min after stress induction                                             Watching negative IAPS pictures                                            Perceived picture arousal and valence (VAS: 0--100)
  **Prolonged iTBS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  [@ref130]) (I)                                        Between-subjects (males only), 20 \| 20^a^    Left DLPFC (middle frontal gyrus, neuronavigation)                                      iTBS, 1200 pulses, 80% rMT                   Sham coil                               Stress induction: immediately after stimulation; measure: immediately after stress induction                                           Watching negative IAPS pictures                                            Perceived picture arousal and valence (SAM: 1--9)
  [@ref130]) (II)                                       Between-subjects (males only), 20 \| 20^a^    Left DMPFC (superior frontal gyrus, neuronavigation)                                    iTBS, 1200 pulses, 80% rMT                   Sham coil                               Stress induction: immediately after stimulation; measure: immediately after stress induction                                           Watching negative IAPS pictures                                            Perceived picture arousal and valence (SAM: 1--9)

^a^Samples used for multiple experiments within a study.

^b^Measures that are not included in the meta-analysis due to insufficient available numerical data.

10--20 = 10--20 system for localizing scalp electrodes; API = acute panic inventory ([@ref94]); 'Beam F3' = freeware to determine location of DLPFC ([@ref29]); Cyberball = Cyberball game ([@ref277]); cTBS = continuous theta burst stimulation; iTBS = intermittent theta burst stimulation; IAPS = International Affective Picture System ([@ref155]); Likert = Likert scale; MDMQ = Multidimensional Mood State Questionnaire ([@ref253]); NIRS = near infrared spectroscopy; PANAS = Positive and Negative Affect Schedule ([@ref275]); PMFC = posterior medial frontal cortex; POMS = Profile of Mood States ([@ref187]); PSS = Panic Symptom Scale ([@ref11]); rMT = resting motor threshold; SAM = Self-Assessment Manikin.

###### 

Characteristics of included tDCS studies

  Reference                                             Design, sample size n(active) \| n(control)    Electrode positions (localization method)                                                   Current intensity, anode + cathode size, quantity   Control condition                Timing stress induction; timing outcome measure                                                                                                                                                     Task/stress induction                                                                        Outcome measure
  ----------------------------------------------------- ---------------------------------------------- ------------------------------------------------------------------------------------------- --------------------------------------------------- -------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------
  **A-tDCS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  [@ref44])                                             Within-subjects, 23 \| \~                      Left DLPFC (anode, F3; cathode, Fp2, 10--20)                                                2 mA, 35 + 35 cm^2^, 5 min                          Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching pictures of human pain                                                              Perceived picture valence and emotional discomfort (Likert: 1--9)
  [@ref210]) (I)                                        Within-subjects (females only), 16 \| \~       Left DLPFC (anode, F3; cathode, C4, 10--20)                                                 1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures                                                              Perceived picture valence (Likert: 1--9)
  [@ref169])                                            Within-subjects, 15 \| \~                      Left DLPFC (anode, F3; cathode, Fp2, 10--20)                                                1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: immediately after stimulation; measure: immediately after stress induction                                                                                                        Watching negative IAPS pictures                                                              Perceived picture arousal^b^ and valence (SAM: 1--9)
  [@ref49]) (I)                                         Within-subjects, 20 \| \~^a^                   Left DLPFC (anode, F3; cathode, F4, 10--20)                                                 1.5 mA, 35 + 35 cm^2^, 33 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures                                                              Negative mood and state anxiety (VAS: 0--100)
  [@ref49]) (II)                                        Within-subjects, 20 \| \~^a^                   Right DLPFC (anode, F4; cathode, F3, 10--20)                                                1.5 mA, 35 + 35 cm^2^, 33 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures                                                              Negative mood and state anxiety (VAS: 0--100)
  [@ref86])                                             Between-subjects, 21 \| 21                     Right DLPFC (anode, F4; cathode, Fp1, 10--20)                                               1.5 mA, 35 + 100 cm^2^, 20 min                      Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures, with and without downregulation instructions                Subjective arousal in response to pictures (Likert: 1--9), depressed mood (MDMQ)
  [@ref226]) (I)                                        Between-subjects, 8 \| 8^c^                    Left DLPFC (anode, F3; cathode, F4, 10--20)                                                 2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: during and immediately after stimulation                                                                                                             Watching videos of human pain                                                                Subjective arousal and valence in response to videos (SAM: 1--9), mood scales: alert^b^, confused^b^, attentive^b^, sad; hostile (VAS: 0--9)
  [@ref226]) (II)                                       Between-subjects, 8 \| 8^c^                    Right DLPFC (anode, F4; cathode, F3, 10--20)                                                2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: during and immediately after stimulation                                                                                                             Watching videos of human pain                                                                Subjective arousal and valence in response to videos (SAM: 1--9), mood scales: alert^b^, confused^b^, attentive^b^, sad; hostile (VAS: 0--9)
  [@ref272]) (I)                                        Between-subjects, 18 \| 18^c^                  Left DLPFC (anode, F3; cathode, F4, 10--20)                                                 1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 20 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Watching negative IAPS mutilation pictures                                                   Perceived picture valence^b^ and arousal (SAM: 1--9), PANAS-negative affect
  [@ref272]) (II)                                       Between-subjects, 16 \| 18^c^                  Right DLPFC (anode, F4; cathode, F3, 10--20)                                                1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 20 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Watching negative IAPS mutilation pictures                                                   Perceived picture valence^b^ and arousal (SAM: 1--9), PANAS-negative affect
  [@ref57])                                             Between-subjects, 23 \| 25                     Left DLPFC (anode, F3, 10--20; cathode, left neck)                                          2 mA, 24 + 24 cm^2^, 20 min                         Current ramped down after 60 s   Stress induction: immediately after stimulation; measure: immediately after stress induction                                                                                                        Watching real-life threat and neutral videos                                                 STAI-6
  [@ref273]) (I)                                        Between-subjects (females only), 40 \| 40^c^   Left DLPFC (anode, F3, 10--20; cathode, right shoulder)                                     1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: immediately after stimulation; measure: 10 min after stress induction                                                                                                             Watching sexual and physical abuse video                                                     Subjective arousal and negative mood in response to videos (SAM: 1--9)
  [@ref175]) (I)                                        Between-subjects, 30 \| 30^c^                  Left DLPFC (anode, F3; cathode, F4, 10--20)                                                 1.5 mA, 16 + 16 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures, with and without downregulation instructions                Subjective valence and arousal in response to pictures (SAM: 1--9), PANAS-negative affect^b^
  [@ref175]) (II)                                       Between-subjects, 30 \| 30^c^                  Right DLPFC (anode, F4; cathode, F3, 10--20)                                                1.5 mA, 16 + 16 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures, with and without downregulation instructions                Subjective valence and arousal in response to pictures (SAM: 1--9), PANAS-negative affect^b^
  [@ref112]) (I)                                        Between-subjects, 23 \| 21                     Right VLPFC (anode, F6; cathode, Fp1, 10--20)                                               2.5 mA, 25 + 25 cm^2^, 24 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching pictures of social exclusion, with and without downregulation instructions          Perceived negative emotion in picture (Likert: 1--9)
  [@ref112]) (II)                                       Between-subjects, 20 \| 20                     Right VLPFC (anode, F6; cathode, Fp1, 10--20)                                               2.5 mA, 25 + 25 cm^2^, 24 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching pictures of social exclusion, with and without downregulation instructions          Perceived negative emotion in picture (Likert: 1--9)
  [@ref175]) (III)                                      Between-subjects, 29 \| 30^d^                  Left VLPFC (anode, F7; cathode, F8, 10--20)                                                 1.5 mA, 16 + 16 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures, with and without downregulation instructions                Subjective valence and arousal in response to pictures (SAM: 1--9), PANAS-negative affect^b^
  [@ref175]) (IV)                                       Between-subjects, 30 \| 30^d^                  Right VLPFC (anode, F8; cathode, F7, 10--20)                                                1.5 mA, 16 + 16 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures, with and without downregulation instructions                Subjective valence and arousal in response to pictures (SAM: 1--9), PANAS-negative affect^b^
  [@ref267])                                            Between-subjects, 49 \| 47                     Right VLPFC (anode, F6; cathode, Fp1, 10--20)                                               1.5 mA, 25 + 35 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative emotion inducing videos                                                    Five negative emotion DES (Likert: 1--10)
  [@ref144]) (I)                                        Within-subjects, 21 \| \~^a^                   Bilateral VMPFC (anodes, Fp1 + Fp2, 10--20; cathode, non-dominant arm)                      2.5 mA, 25 + 25 cm^2^, 35 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative and positive IAPS pictures                                                 Subjective arousal in response to pictures (Likert: 1--7), anger and depression scales of POMS (Likert: 1--5) (change score relative to baseline)
  [@ref2])                                              Within-subjects, 16 \| \~                      VMPFC (anode, above nasion; cathode, beneath inion)                                         1.5 mA, 35 + 35 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: during stimulation; measure: during and after stimulation                                                                                                                         Watching frightening or violent videos                                                       Subjective emotion intensity (Likert: 1--4), anxiety (VAS: 0--30)
  *Studies with psychosocial stress*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  [@ref125]) (I)                                        Between-subjects, 21 \| 19^c^                  Left DLPFC (anode, F3; cathode, F4, 10--20)                                                 2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 40 s   Stress induction: before stimulation; measure: 5--10 min after stimulation                                                                                                                          Essay writing with negative social feedback                                                  Anger (Likert: 1--5) (change score relative to baseline)
  [@ref125]) (II)                                       Between-subjects, 20 \| 19^c^                  Right DLPFC (anode, F4; cathode, F3, 10--20)                                                2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 40 s   Stress induction: before stimulation; measure: 5--10 min after stimulation                                                                                                                          Essay writing with negative social feedback                                                  Anger (Likert: 1--5) (change score relative to baseline)
  [@ref230])                                            Between-subjects, 19 \| 19                     Right VLPFC (anode, F8; cathode, Fp1, 10--20)                                               1.5 mA, 25 + 35 cm^2^, 15 min                       Current ramped down after 15 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Virtual ball-tossing game (Cyberball) with social exclusion manipulation                     Unpleasantness (Likert: 1--10)
  [@ref139]) (I)                                        Between-subjects, 14 \| 16^c^                  Left DLPFC (anode, F3; cathode, F4, 10--20)                                                 2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Virtual ball-tossing game (Cyberball) with social exclusion manipulation                     Jealousy (Likert: 1--9)
  [@ref139]) (II)                                       Between-subjects, 15 \| 16^c^                  Right DLPFC (anode, F4; cathode, F3, 10--20)                                                2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Virtual ball-tossing game (Cyberball) with social exclusion manipulation                     Jealousy (Likert: 1--9)
  [@ref215])                                            Between-subjects (males only), 14 \| 14        Left DLPFC (anode, F3, 10--20; cathode, right shoulder)                                     1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: 5 min after stimulation + 20 min after stimulation; measure: immediately after second stress induction                                                                            Frustrating mental counting task (PASAT)                                                     PANAS-negative affect
  [@ref42]) (I)                                         Between-subjects, 20 \| 20^c^                  Right DLPFC (anode, F4; cathode, Cz, 10--20)                                                1.075 mA, 25 + 100 cm^2^, 6--10 min                 Current ramped down after 13 s   Stress induction: 20 min before stimulation; measure: immediately after stimulation                                                                                                                 TSST                                                                                         Depressed mood (MDMQ)
  [@ref18])                                             Within-subjects (females only), 28 \| \~       Left DLPFC (anode, middle frontal gyrus, neuronavigation; cathode, Fp2, 10--20)             1.5 mA, 25 + 25 cm^2^, 20 min                       Current ramped down after 30 s   Stress induction: 5 min after stimulation; measure: immediately after stress induction                                                                                                              Hearing verbal criticism                                                                     Anger and depression scales of POMS (VAS: 0--100)
  [@ref53])                                             Between-subjects (males only), 15 \| 15        Left DLPFC (anode, F3, 10--20; cathode, F4)                                                 2 mA, 35 + 35 cm^2^, 15 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: 30 min after stress induction                                                                                                                        Stressful interview and arithmetic task                                                      STAI-state
  [@ref8]) (I)                                          Between-subjects (males only), 20 \| 20^c^     Right VMPFC (anode, between F2-Fpz; cathode, between O2-P4, 10--20)                         1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: immediately after stimulation; measure: immediately after stress induction                                                                                                        TSST                                                                                         STAI-state (change score relative to baseline)
  *Studies with aversive physical or auditory events*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  [@ref68])                                             Within-subjects, 20 \| \~                      Left DLPFC (anode, F3, 10--20; cathode, right shoulder)                                     2 mA, 35 + 35 cm^2^, 22 min                         Current ramped down after 46 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Pain by electrical stimulation with and without concurrent cognitive (working memory) task   State anxiety (NRS: 0--100)
  [@ref120])                                            Between-subjects, 31 \| 49                     Right VLPFC (anode, 1.5 cm posterior to F6; cathode, 1.5 cm from Fp1 towards Fpz, 10--20)   2 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 20 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Sustained threat paradigm with 98 dB aversive screams                                        Subjective valence, arousal and anxiety in response to threat-associated stimulus (Likert: 1--9), STAI-state, PANAS-negative affect
  [@ref1])                                              Between-subjects, 15 \| 14                     VMPFC (anode, above nasion; cathode, beneath inion)                                         1.5 mA, 35 + 35 cm^2^, 20 min                       Current ramped down after 30 s   Fear acquisition before stimulation, fear extinction during stimulation; measure: immediately after extinction                                                                                      Fear extinction learning after conditioning with 80 dB aversive screams                      Conditioned stimulus fear (Likert: 1--10)
  [@ref76]) (I)                                         Between-subjects, 40 \| 27                     Right VMPFC (anode, beneath F8; cathode, beneath F7, 10--20)                                1.5 mA, 16 + 16 cm^2^, 20 min                       Current ramped down after 60 s   Fear acquisition before stimulation, fear extinction during stimulation; measure: during stimulation, during extinction                                                                             Fear extinction learning after conditioning with 95 dB aversive screams                      STAI-state, PANAS-negative affect, subjective valence^b^ and arousal^b^ in response to fear-conditioned stimulus (Likert: 1--9)
  [@ref76]) (II)                                        Between-subjects, 37 \| 26                     Left VMPFC (anode, beneath F7; cathode, beneath F8, 10--20)                                 1.5 mA, 16 + 16 cm^2^, 20 min                       Current ramped down after 60 s   Fear acquisition before stimulation, fear extinction during stimulation; measure: during stimulation, during extinction                                                                             Fear extinction learning after conditioning with 95 dB aversive screams                      STAI-state, PANAS-negative affect, subjective valence^b^ and arousal^b^ in response to fear-conditioned stimulus (Likert: 1--9)
  **C-tDCS**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  *Studies with passive stress induction*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  [@ref210]) (II)                                       Within-subjects (females only), 9 \| \~        Left DLPFC (cathode, F3; anode, C4, 10--20)                                                 1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative IAPS pictures                                                              Perceived picture valence (Likert: 1--9)
  [@ref273] (II)                                        Between-subjects (females only), 38 \| 40^c^   Left DLPFC (cathode, F3, 10--20; anode, right shoulder)                                     1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: immediately after stimulation; measure: 10 min after stress induction                                                                                                             Watching sexual and physical abuse video                                                     Subjective arousal and negative mood in response to videos (SAM: 1--9)
  [@ref144]) (II)                                       Within-subjects, 21 \| \~^a^                   Bilateral VMPFC (cathodes, Fp1 + Fp2, 10--20; anode, non-dominant arm)                      2.5 mA, 25 + 25 + 25 cm^2^, 35 min                  Current ramped down after 30 s   Stress induction: during stimulation; measure: during stimulation                                                                                                                                   Watching negative and positive IAPS pictures                                                 Subjective arousal in response to pictures (Likert: 1--7), anger and depression scales of POMS (Likert: 1--5) (change score relative to baseline)
  *Studies with psychosocial stress*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
  [@ref231])                                            Between-subjects, 20 \| 20                     Right VLPFC (cathode, F6; anode, Fp1, 10--20)                                               1.5 mA, 25 + 35 cm^2^, 20 min                       Current ramped down after 15 s   Stress induction: during stimulation; measure: immediately after stress induction                                                                                                                   Virtual ball-tossing game (Cyberball) with social exclusion manipulation                     Negative emotions (Likert: 1--10)
  [@ref42]) (II)                                        Between-subjects, 20 \| 20^c^                  Right DLPFC (cathode, F4; anode, Cz, 10--20)                                                1.075 mA, 25 + 100 cm^2^, 6--10 min                 Current ramped down after 13 s   Stress induction: 20 min before stimulation; measure: immediately after stimulation                                                                                                                 TSST                                                                                         Depressed mood (MDMQ)
  [@ref8]) (II)                                         Between-subjects (males only), 20 \| 20^c^     Right VMPFC (cathode, between F2-Fpz; anode, between O2-P4, 10--20)                         1 mA, 35 + 35 cm^2^, 20 min                         Current ramped down after 30 s   Stress induction: immediately after stimulation; measure: immediately after stress induction                                                                                                        TSST                                                                                         STAI-state (change score relative to baseline)
  *Studies with aversive physical or auditory events*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  [@ref98])                                             Between-subjects (females only), 27 \| 16      Right DLPFC (cathode, F4; anode, left shoulder, 10--20)                                     1 mA, 24.75 + 24.75 cm^2^, 20 min                   Current ramped down after 30 s   Stress induction: fear acquisition 24 h before stimulation, fear reinstatement immediately before stimulation; measure: immediately after stimulation, before and after fear extinction learning.   Fear-conditioning and extinction learning with 95 dB aversive screams                        Subjective valence and arousal in response to fear-conditioned stimulus (Likert: 1--9)

^a^Samples used for multiple experiments within a study.

^b^Measures that are not included in the meta-analysis due to insufficient available numerical data.

^c,d^Active stimulation conditions that are compared to the same placebo group. 10--20 = 10--20 system for localizing scalp electrodes; A-tDCS = anodal tDCS: tDCS with the anode placed over the target brain region; C-tDCS = cathodal tDCS: tDCS with the cathode placed over the target brain region; Cyberball = a virtual ball-toss game used to study social exclusion ([@ref277]); DES = Differential Emotions Scale ([@ref234]); IAPS = International Affective Picture System ([@ref155]); Likert = Likert scale; MDMQ = Multidimensional Mood State Questionnaire ([@ref253]); NRS = Numerical Rating Scale; PANAS = Positive and Negative Affect Schedule ([@ref275]); PASAT = Paced Auditory Serial Addition Test ([@ref160]); POMS = Profile of Mood States ([@ref187]); SAM = Self-Assessment Manikin; STAI = State and Trait Anxiety Inventory ([@ref250]), STAI-6 is the 6-item short form of the STAI-State; VAS = visual analogue scale.

rTMS {#sec10}
----

### High-frequency rTMS and intermittent TBS {#sec11}

We identified 5 high-frequency rTMS studies and 2 intermittent TBS studies that reported in total 12 different outcomes on emotional stress reactivity. The majority of these studies focused on the DLPFC. Two studies found no effect of 20 Hz rTMS or intermittent TBS over the left DLPFC on emotional responses to psychosocial stress ([@ref19]; [@ref66]), and two other studies found no effect of 10 Hz rTMS over the right DLPFC on ratings of perceived emotional content ([@ref32]) or experienced negative emotion ([@ref137]) in response to aversive pictures. Two studies did find a significant effect of NBS over the DLPFC on emotional stress reactivity. [@ref203]), who targeted the right DLPFC, found a decrease in perceived negative valence and arousal of fearful face pictures after intermittent TBS. [@ref189]), who instead targeted the left DLPFC, found an *increase* in experienced sadness after watching sad movie clips following 10 Hz rTMS. Please note that, different from the other stress manipulations, this stress manipulation is limited to inducing sadness. The VMPFC was targeted in one study with 10 Hz rTMS ([@ref105]) which effectively reduced emotional responses to fear-conditioned stimuli during extinction learning. For further details on stimulation parameters, type of stress and experimental context of each study ([Table 1](#TB1){ref-type="table"}).

The data from this sample of studies (*k* = 7, *n* = 251) showed moderate heterogeneity (*I*^2^ = 49.0%), and the summary analysis estimated a weighted mean effect of g = −0.06, CI~95%~ = \[−0.35, 0.24\], *P* = 0.70. Based on these few studies, this analysis showed no significant main effect, and the low statistical power prevented further analysis of potential moderators.

### Low-frequency rTMS, prolonged intermittent TBS and continuous TBS {#sec12}

We identified 4 low-frequency rTMS studies, 1 continuous TBS study and 1 prolonged intermittent TBS study that reported in total 14 different outcomes on emotional stress reactivity. All these studies focused on the DLPFC (see [Table 1](#TB1){ref-type="table"} for further study details). Three of the low-frequency rTMS studies targeting the right or left DLPFC found no effect on perceived emotional content of negative pictures or on biologically induced panic ([@ref285], [@ref287]; [@ref32]). The fourth low-frequency rTMS study ([@ref92]) also showed no group-level differences, but did find a link between a higher aversive impact of social exclusion in the Cyberball game and higher trait personal distress after active 1 Hz rTMS to the left DLPFC, but not after sham rTMS. The authors interpret this finding in terms of brain-state dependency of rTMS effects; rTMS may have amplified emotional reactivity only in those who are more sensitive to interpersonal stress.

Of the two studies using continuous or prolonged intermittent TBS, [@ref130]) found no effects of left DLPFC or left DMPFC stimulation on perceived emotional content of negative stimuli, while [@ref141]) showed that participants perceived negative pictures as less negative and less arousing after continuous TBS to the right DLPFC.

Together, the data from these studies (*k* = 6, *n* = 207) showed low heterogeneity (*I*^2^ = 14.3%). The summary analysis estimated a weighted mean effect of *g* = −0.13, (CI~95%~ = \[−0.42, 0.16\], *P* = 0.39). Also here, the low number of studies in this sample did not allow further moderator analyses.

tDCS {#sec13}
----

### Anodal tDCS {#sec14}

We identified 26 anodal tDCS studies that reported in total 79 different outcomes on emotional stress reactivity (see [Table 2](#TB2){ref-type="table"} for study details). Of the studies focusing on the DLPFC, six studies targeting the left DLPFC ([@ref49]; [@ref272]; [@ref18]; [@ref68]; [@ref273]) or right DLPFC ([@ref49]; [@ref42]; [@ref272]) found no tDCS effects on emotional stress reactivity. This number includes the study of [@ref18]) who additionally reported no relationship between a measure of psychosocial stress sensitivity and psychosocial stress reactivity on the level of emotional experience ([@ref67]). In contrast, six other studies targeting the left DLPFC ([@ref44]; [@ref210]; [@ref169]; [@ref226]; [@ref53]) or right DLPFC ([@ref226]) did find a significant decline in emotional stress reactivity after tDCS or at least in a subset of emotional outcomes ([@ref215]). Hence, in half of the studies targeting the DLPFC, anodal tDCS lowered emotional stress reactivity, while the other half of the studies showed no significant effects on similar outcomes. Focusing on the VLPFC, one study found no effect of anodal tDCS to the right VLPFC on emotional responses to threat of shock ([@ref120]), while two studies of anodal tDCS to the same region found significantly weaker negative emotional experience in response to psychosocial stress or aversive pictures ([@ref230]; [@ref267]). The VMPFC was targeted in three studies, of which two showed no tDCS effects on experienced emotions after psychosocial stress or watching aversive pictures ([@ref144]; [@ref8]). The third study did find support for tDCS being able to significantly reduce emotional experience in response to aversive pictures ([@ref2]). Furthermore, a number of studies found interesting indirect anodal tDCS effects on emotional reactivity. Three studies showed that anodal tDCS only reduced emotional reactivity when participants actively downregulated their emotions, but not when participants maintained their natural emotional responses ([@ref86]; [@ref112]; [@ref175]). The first two studies showed these effects after placing the anode over the right DLFPC or right VLPFC ([@ref86]; [@ref112]), but the third study ([@ref175]) only found significant effects after anodal stimulation of the left VLPFC with the cathode placed on the contralateral VLPFC, but not with the reversed montage or when the bilateral montage was placed over the DLPFC. In addition, [@ref57]) showed that anodal tDCS to the left DLPFC reduced attention bias towards threat videos, which was, in turn, associated with less emotional reactivity to these videos.

With regard to location of the reference electrode, the above described studies did not show a clear influence of cathode location on the effect of anodal stimulation (see [Table 2](#TB2){ref-type="table"} for cathode locations per study). Yet, a number of studies do show different effects of tDCS with different montages. For example, [@ref76]) found that bilateral VMPFC stimulation with the anode over the left VMPFC, but not the reversed montage, enhanced fear extinction learning, i.e. reduced fear for the conditioned stimulus when the unconditioned threat stimulus (aversive loud scream) was no longer presented. In contrast, [@ref1]), who stimulated the VMPFC by placing the anode over the forehead and the cathode on the back of the head, found that tDCS *inhibited* fear extinction learning. [@ref125]), who found no group-level differences in anger after negative social feedback, showed that a correlation between increased anger and more aggressive behavioral responses only appeared after bilateral DLPFC stimulation with the anode over the left DLPFC, but not after stimulation with the reversed montage. Similarly, [@ref139]) found that bilateral DLPFC stimulation with the anode over the left DLPFC, but not with the anode over the right DLPFC, increased jealousy after social exclusion in the Cyberball game.

Together, the data from these studies (*k* = 26, *n* = 1284) showed moderate heterogeneity (*I*^2^ = 48.59%). The full random effects model showed a statistically significant weighted mean effect size of *g* = −0.16, CI~95%~ = \[−0.33, 0.00\], *P* = 0.05 ([Figure 3](#f3){ref-type="fig"}), indicating that anodal tDCS lowers emotional stress reactivity compared to sham tDCS. This effect was not significantly moderated by type of stress (*Q*(3) = 5.56, *P* = 0.14). The moderation of the effect by target hemisphere approached significance (*Q*(2) = 4.95, *P* = 0.08). Follow-up analyses showed a very small numerical difference between left- and right-sided effect sizes. Separate effects of left- and right-sided prefrontal tDCS were not statistically significant (right PFC: *g* = −0.23, CI~95%~ = \[−0.48, 0.03\], *P* = 0.08); left PFC: *g* = −0.17, CI~95%~ = \[−0.41, 0.07\], *P* = 0.16). The funnel plot of all anodal tDCS effects together did not show significant asymmetry (see [Figure 4](#f4){ref-type="fig"}, Egger's regression test: *t*(77) = −0.02, *P* = 0.99).

![Funnel plot of anodal tDCS studies. Note: because two studies reported many separate outcomes ([@ref175]; [@ref226]), the standard errors of their effects were increased by the RVE correction. These effects therefore appear at the bottom of the plot.](nsaa011f4){#f4}

### Cathodal tDCS {#sec15}

We identified 7 cathodal tDCS studies that reported in total 13 different outcomes on emotional stress reactivity. Six of these studies found no effect on emotional reactivity to negative pictures or videos or to psychosocial stress after cathodal tDCS applied over the left or right DLPFC, the right VLPFC or the VMPFC (see [Table 2](#TB2){ref-type="table"} for other experimental settings) ([@ref144]; [@ref210]; [@ref8]; [@ref42]; [@ref98]; [@ref273]). Only [@ref231]), who applied cathodal tDCS over the right VLPFC and placed the anode over the contralateral orbitofrontal area, showed a significant amplification of emotional reactivity to social exclusion in a Cyberball game, which was not found when the cathode was placed over the parietal cortex.

Together, the data from these studies (*k* = 7, *n* = 271) showed moderate heterogeneity (*I*^2^ = 43.9%), and the summary analysis estimated a mean effect of *g* = −0.02, CI~95%~ = \[−0.22, 0.28\], *P* = 0.90. As with the rTMS analyses, the low number of studies in this sample did not allow further quantitative analyses.

Quality and risk of bias {#sec16}
------------------------

[Figure 5](#f5){ref-type="fig"} presents a graphical overview of methodological quality and risk of bias in the included studies. A common methodological weakness was incomplete reporting of experimental methods or results. Risk of bias in the included studies was strongest with regard to blinding: whether study personnel were blind to stimulation condition was often unclear, especially in rTMS studies where blinding procedures are more challenging than for tDCS. Additionally, although participants were typically randomized to conditions, many studies did not specify how the randomization sequence was generated, how groups were matched and if group allocation was concealed for study personnel, leaving it unclear if these studies dealt adequately with group-related confounders.

![Methodological quality and risk of bias of the included studies.](nsaa011f5){#f5}

Discussion {#sec17}
==========

Ongoing research efforts are dedicated to establish and understand NBS effects on stress-related processes. Experimental evidence is often derived from direct effects of single NBS sessions on acute stress. However, it has not been systematically analyzed if and how single sessions of prefrontal NBS affect stress reactivity on the level of subjective emotion in a normal-functioning stress system. We therefore systematically reviewed and quantified the immediate effects of prefrontal NBS on emotional stress reactivity in 40 sham-controlled healthy participant single-session NBS studies, including 12 rTMS studies and 28 tDCS studies.

The data from these studies show that the effects of a single session of prefrontal NBS may not be strong and stable enough to induce clinically relevant effects on emotional stress reactivity in all healthy individuals. On the other hand, some methods show promising effects that are worth further investigation. Acute effects of rTMS on emotional reactivity were investigated by relatively few studies, which showed effects in different directions. Acute effects of tDCS were more widely investigated, and quantitative results showed that applying anodal tDCS over the PFC overall slightly reduced negative stress-related emotions. However, effectivity of anodal tDCS varied between studies. Follow-up analyses suggested that the overall effect of anodal tDCS did not significantly depend on targeted hemisphere (left or right PFC) or on the type of stress that was induced (passive stress induction, psychosocial stress or aversive physical or auditory events). Several findings do suggest dependence of NBS effectivity on a number of other experimental and personal factors, including the NBS settings and the participant's psychological state.

In another review on prefrontal NBS, [@ref227]) concluded that a single session of prefrontal NBS does not affect mood. The present results, however, give an indication that a single session of prefrontal NBS may be able to modulate negative emotional state in response to stress, at least when using anodal tDCS. This suggests that prefrontal NBS could affect the emotional response to a threat or challenge rather than affecting emotional state by itself. Hence, prefrontal NBS may modify processes that are involved in changing the emotional state, rather than directly affecting 'static' emotional experience. Prefrontal NBS effects on emotional reactivity could be a result of effects on processes involved in emotion regulation. This is supported by a number of studies showing that anodal tDCS over the PFC mainly facilitates the cognitive modulation of emotions. For example, when participants were instructed to up- or downregulate emotional experience, anodal tDCS enhanced or reduced emotional reactions specifically in the instructed direction ([@ref86]; [@ref112]; [@ref175]). In addition, tDCS may primarily affect attentional processes associated with the emotional experience ([@ref57]). Such results fit in with the previously proposed idea that prefrontal NBS modulates affective symptoms by improving the ability to self-regulate emotions through enhanced working memory and other cognitive control processes ([@ref235]; [@ref77]; [@ref158]). However, this NBS effect on emotion regulation is not always found in single-session NBS studies (see, e.g. the study of [@ref137]). Conclusions about the effect of NBS on emotion regulation are beyond the scope of the present results, and this hypothesis should be further tested in future studies.

Of the NBS techniques considered in the present article, rTMS and tDCS, it is relatively unexpected that rTMS shows the most uncertain effects. rTMS and tDCS differ in their primary neurophysiological effects, focality and other factors ([@ref65]; [@ref263]). Clinical effects in affective disorders such as depression are more established for rTMS ([@ref239]; [@ref36]) than for tDCS ([@ref247]), and effects on physiological stress reactivity are higher for prefrontal rTMS than for prefrontal tDCS ([@ref170]). However, fewer rTMS studies than tDCS studies on emotional stress reactivity were available for the present analyses. Many single-session rTMS studies were not eligible for the current analyses because no experimental stress induction was applied or because emotions were not measured within the time frame of acute rTMS effects. Of the rTMS studies that did measure emotional reactivity, some findings suggest that the acute outcome of rTMS depends on task instructions, rTMS settings or psychological state ([@ref92]; [@ref189]; [@ref203]). Other rTMS studies did not report any significant effects of a single rTMS session. Lack of acute rTMS effects on emotional reactivity may also be related to timing; tDCS studies often induced the stress or measured the emotional outcome during stimulation, whereas in rTMS studies these procedures usually take place after the stimulation is finished. Moreover, although the research objectives overlapped among the rTMS studies, the number of studies that used the same rTMS methods was limited. The heterogeneity in applied rTMS methods raises an issue concerning the aggregation of their results. The present results should therefore be considered as work in progress and indicative for the dependence of rTMS effects on various technical, contextual and task-related factors. The influence of such factors should be further investigated before drawing definitive conclusions about the overall effectiveness of rTMS in modulating emotional stress reactivity. On the other hand, the present results also suggest that anodal tDCS might complement rTMS as a technique to modulate stress-related processes. If rTMS and tDCS would eventually yield comparable results in clinical applications, tDCS might be preferred over rTMS for its easier use, portability and lower costs ([@ref218]; [@ref263]).

The evidence for cathodal tDCS effects on subjective stress-related emotions is sparse. Perhaps, cathodal tDCS has low effectivity in general. Little support for significant effects of cathodal tDCS is in line with previous findings of tDCS effects on neural excitability ([@ref153]) and on cognitive functions ([@ref133]). Yet, cathodal tDCS may affect neural excitability and plasticity in opposing ways depending on current intensity and stimulation time ([@ref196]). To provide clearer insight in cathodal tDCS, it could be interesting to investigate how these stimulation settings may moderate stimulation effects on emotion- and stress-related processes.

With regard to the optimal target hemisphere for prefrontal NBS, previous research showed that left-sided and right-sided PFC stimulation can have different effects on brain networks involved in emotion regulation and emotional state ([@ref237]; [@ref136]), but our results did not demonstrate a clear influence of target hemisphere (left PFC *vs* right PFC) on NBS effects at the level of emotional stress reactivity. This is somewhat surprising, since NBS should modulate neural activity primarily in the target hemisphere, and the data in this review were restricted to negative emotional states that have been associated with asymmetric prefrontal activation. Negative and predominantly withdrawal-related emotions, such as fear, nervousness and sadness, are associated with greater right- than left-sided PFC activity ([@ref64]; [@ref276]; [@ref103]; [@ref34]; [@ref109]). In addition, greater right-sided PFC activity has been linked to stronger physiological reactivity to stress ([@ref255]; [@ref147]; [@ref103]; [@ref221]; [@ref283]), anxiety and depression ([@ref259]; [@ref81]; [@ref109]). Greater left-sided PFC activity, on the other hand, is linked to stronger approach-related emotional reactions such as enthusiasm ([@ref51]; [@ref147]; [@ref109]), weaker physiological reactivity to stress ([@ref103]) and reduced emotional reactivity to PTSD symptom provocation ([@ref188]). However, greater relative left-sided PFC activity has also been associated with stronger feelings of anger and stronger aggressive responses to stress ([@ref268]; [@ref124]; [@ref109]). In line with this latter effect of left-sided prefrontal dominance, the tDCS studies of [@ref125]) and [@ref139]) report increased approach-related emotional reactivity (measured as feelings of anger and jealousy) specifically after applying anodal tDCS to the left PFC and cathodal tDCS to the right DLPFC, but not when the electrode montage was reversed. However, our quantitative results overall do not provide evidence supporting the acute influence of tDCS or rTMS on frontal asymmetry effects on global emotional stress reactivity. The optimal choice of target hemisphere for NBS protocols to modulate emotional processes may depend on other stimulation-related factors such as pulse frequency or current polarity (see also the discussion in [@ref270]). Regarding specific PFC targets, the overview of included studies on emotional reactivity does not show a clear difference between effectivity of NBS over different PFC target regions, and the limited amount of data available per PFC target region prevented meaningful comparisons between target regions. Moreover, when aggregating across studies, the regional specificity of NBS can be low because different localizing methods to target a specific region are used, the electrical field distribution is influenced by individual anatomy, and, especially in case of tDCS, the induced electrical field is not very focal and depends on the electrode montage. Therefore, in the absence of simulations or other measurements of the peak location of the electrical field, we considered it more appropriate to collapse the outcomes from NBS studies targeting various PFC regions. However, targeting different PFC regions may affect different processes and thereby have different effects on stress responses and emotions. To determine the optimal target site for NBS effects on stress- and emotion-related outcomes, more specific comparisons between NBS target regions based on electrical field distributions are needed.

We also considered differences between NBS effects on emotional reactivity across three types of stress: passive stress inductions, psychosocial stress and aversive physical or auditory stress. Different types of stress can differently activate stress systems and differently affect stress regulation strategies ([@ref107]; [@ref23]; [@ref159]). However, both rTMS and tDCS studies did not demonstrate systematic different effects on emotional reactivity across types of stress. It could be that the influence of prefrontal NBS on emotional reactivity is independent of stressor category because some (medial) PFC regions are involved in general emotion regulation across different types of stress ([@ref73]). Alternatively, the variability in NBS effects on emotional reactivity may not depend on stress sources but on additional features of the stressor that partly determine stress response patterns. These include the unpredictability and uncontrollability of the stressor ([@ref71]; [@ref23]) and cognitive appraisals about the stressor ([@ref69]). Additionally, the type of emotion induced by the stressor makes a difference; stress responses associated with different types of negative emotions, like fear and sadness, show resemblance but also differ in intensity and specific activation patterns, such as shown for amygdala activation, sympathetic nervous system activations and feelings of pleasantness and arousal ([@ref211]; [@ref150]; [@ref149]). Some included emotional outcomes reported in the studies may also be relatively specific to the stress manipulation. It could be difficult to generalize such outcomes to emotional stress reactivity in other situations or to stress-related clinical symptoms. For example, NBS effects on anger after psychosocial stress may say more about potential NBS effects on symptoms of interpersonal distress than on symptoms of panic. However, more research on this topic is needed to be able to zoom in on NBS effects on emotion- or stressor-specific processes. This review combines outcomes of different stress manipulations to give an indication of NBS effects on global emotional reactivity.

Our findings show preliminary evidence that prefrontal NBS, at least with anodal tDCS, lowers acute emotional stress reactivity. This motivates further research in the direction of using prefrontal NBS in enhancing resilience to acute effects of stress. Such protective effects of anodal tDCS have already been shown for acute stress interference on cognitive performance ([@ref215]; [@ref42]). If the efficacy of anodal tDCS on emotional reactivity would be further developed, it may be used to attenuate the tendency to strongly react with negative emotions to daily stressors ([@ref55]) and thereby reduce daily negative affect and the risk on anxiety, chronic stress complaints and PTSD ([@ref252]; [@ref58]; [@ref96]). Finally, although speculative, specifically targeting the PFC might improve resilience to the detrimental results of early-life adversity or life stress on PFC structure and function ([@ref13]; [@ref89]).

However, beside acute emotional stress reactions, a second important feature is the 'shutoff' or recovery of the stress response once a threat has passed ([@ref184]). Future NBS research should therefore continue measuring emotion for a prolonged time after the stress induction, to provide more insight in NBS effects in different stages of the emotional stress response, including the recovery of emotional stress responses.

Moreover, the presently estimated effect size of single NBS sessions in a non-clinical population is small ([@ref62]). An effect size of small magnitude in healthy samples agrees with NBS effects on working memory and autonomic nervous system functioning ([@ref48]; [@ref170]). This may be due to a ceiling effect of NBS outcomes when performance on a function is already sufficient ([@ref197]; [@ref93]; [@ref31]; [@ref183]). Also, because prefrontal NBS effects show intraindividual variability as well as interindividual variability, NBS may not always affect emotional reactivity in the same manner in all individuals; factors that could influence the strength and direction of NBS effects on PFC-related processes include baseline neural activity ([@ref9]; [@ref88]), stress sensitivity ([@ref210]; [@ref92]), fatigue, task motivation and gender ([@ref131]). The different NBS methods, participants and experimental contexts that were used in the included studies could therefore have induced heterogeneous effects on emotional reactivity, which may diminish the summary effect.

Still, across studies, the present findings show a weak effect of a single tDCS session on acute emotion stress reactivity. This effect stimulates to further investigate how the effectiveness of prefrontal tDCS, or NBS in general, can be augmented in order to establish clinically significant effects on emotional stress reactivity. The first and perhaps most obvious way to augment effectiveness is by giving a sequence of multiple stimulation sessions instead of relying on single stimulation sessions. Sequences of multiple stimulation sessions augment NBS effects on neurophysiology ([@ref168]; [@ref28]; [@ref209]; [@ref193]; [@ref33]) as well as on behavior, including effects on working memory ([@ref122]) and cognitive control ([@ref82]). Moreover, for therapeutic use in affective disorders, a sequence of 20--30 sessions is recommended ([@ref182]).

Furthermore, the NBS sessions should be combined with a task that activates or trains the targeted neural process. It has been proposed that the effects of tDCS are largest in neural networks and cognitive functions that are activated or trained during stimulation ([@ref176]; [@ref101]; [@ref172]; [@ref214]; [@ref249]), perhaps because synaptic activity could be a prerequisite for NBS effects to occur ([@ref151]). NBS effects may even be specific to the activated neural or cognitive process during stimulation. For example, prefrontal tDCS may not have one-directional effects on attentional bias for threat, but when participants are trained to direct attention either towards or away from threat, tDCS specifically increases the attentional bias convergent with the trained direction ([@ref61]; [@ref116]). Also for other cognitive functions, combining prefrontal tDCS with cognitive training amplifies stimulation effects ([@ref177]), resulting in cognitive benefits that can last for weeks or months and that can transfer to non-trained cognitive skills ([@ref82]; [@ref39]). Likewise, combining prefrontal NBS with cognitive behavioral therapy ([@ref21]) augments treatment response in depression, PTSD and anxiety disorders ([@ref244]; [@ref162]; [@ref148]; [@ref54]; [@ref264]), while prefrontal NBS in rest (i.e. NBS by itself) does not produce lasting improvements in cognitive performance in neuropsychiatric patients ([@ref178], [@ref179]). This suggests that NBS effects on emotion regulation processes can be augmented by applying prefrontal NBS during cognitive practice or cognitive therapy.

Finally, although the results of our study suggest that raising stress levels in an experiment may increase the sensitivity of emotional measures to prefrontal NBS effects, it remains unclear whether raising stress levels would also augment prefrontal NBS effects on stress- and emotion-related processes. Some studies showed improved PTSD symptom reduction when prefrontal NBS was combined with trauma exposure ([@ref206]; [@ref132]; [@ref264]), suggesting that NBS can act specifically on the activated fear memory processes. However, single-session NBS studies on fear extinction in healthy individuals ([@ref16]; [@ref105]; [@ref199], [@ref198]; [@ref265]; [@ref76]) and phobia patients ([@ref202]) have shown null results or divergent effects of NBS. Further, the effects of a single session of prefrontal NBS on cognitive performance can be similar across neutral and emotionally arousing experimental contexts ([@ref219]; [@ref85]), both in depressed and healthy participants ([@ref195]). Hence, single-session NBS studies do not clearly demonstrate whether or not prefrontal NBS effectivity depends on stress or arousal levels during NBS. In therapeutic uses of NBS, further studies are needed to discover if stress levels influence the effects of NBS on stress reactivity and stress-related symptomatology.

Future directions {#sec18}
-----------------

This study presents an interim overview of the current evidence regarding the direct effects of a number of NBS methods on acute emotional stress reactivity. In this field of research, NBS is often applied with the objective to simply increase or decrease activity in a brain area in order to change stress- or emotion-related outcomes. Yet, our findings show that NBS effects on stress- and emotion-related processes vary. To further clarify the possibilities and limitations of NBS with regard to emotional stress reactivity, future research should focus on a number of important factors.

First of all, the stress processes that are most sensitive to prefrontal NBS should be identified. For instance, physiological measures, including heart rate variability and cortisol responses, appear more sensitive to the acute effects of NBS than self-reports of emotional state ([@ref49]; [@ref8]; [@ref19]; [@ref86]; [@ref130]; [@ref236]; [@ref119], [@ref120]; [@ref228]; [@ref170]). Possibly, the physiological stress system mediates the effects of NBS on emotional state by lowering bodily arousal, thereby lowering the subjective experience of arousal ([@ref25]; [@ref80]), although the subjective arousal outcomes covered in this review did not clearly show stronger NBS effects than other outcomes. Emotional reactivity based on dimensions of valence, arousal or motivational direction also shows a stronger link to physiological stress reactivity than self-report data of discrete emotions ([@ref181]). Self-reports of discrete emotions are subject to many other influences, including emotion vocabulary ([@ref24]) and personality characteristics ([@ref17]). On the other hand, some argue that self-reports of discrete emotion categories better capture emotional experiences, because they may have more semantic value ([@ref63]). Different measures may thus capture different aspects of emotional experience. Yet, there are also substantial correlations between valence and arousal ratings on one hand and self-reports of discrete emotions on the other ([@ref46]; [@ref123]; [@ref63]), suggesting that these different measures capture similar aspects of emotion too. For this reason, different measures of emotional experience have been combined in the present study. To better understand how NBS affects different aspects of emotional experience, future studies should make more explicit distinctions between different measures of dimensional and discrete emotional categories. This difference between measures also demonstrates the need to use measurement instruments that are sensitive to the effects of NBS. For example, a single session of prefrontal NBS may have little effect on global mood after an experiment ([@ref227]) but could at the same time change the acute emotional response to aversive pictures during the experiment ([@ref86]; [@ref226]; [@ref175]). In addition, subjective experiences of emotion ('self-focused' emotions) share features with perceptions of emotional stimuli ('world-focused' emotions) ([@ref222]) but also refer to distinct aspects of emotional processes. The prefrontal cortex, for example, seems more involved in self-focused emotional reactivity ([@ref118]), suggesting that the focus of the emotional measure may influence sensitivity to prefrontal NBS effects. The use of insensitive measurement instruments or measurement timings may introduce heterogeneity in the outcomes and thereby obscure the direct effects of NBS.

Second, acute NBS effects seem to depend on task or experimental settings, such as task instructions ([@ref86]; [@ref189]; [@ref112]; [@ref175]), the time between the stress induction and measuring the emotional outcome ([@ref86]; [@ref226]; [@ref76]) and the relationship between the emotion and the behavior that is induced by the stressor ([@ref125]; [@ref139]). Future NBS research should pay attention to experimental tasks and measurement protocols that are sensitive to the NBS effects, especially in single-session NBS experiments that produce very subtle effects.

Third, preferred cortical targets for NBS applications in stress and emotion may lie beyond the PFC. For example, stimulating the dorsal anterior cingulate cortex (dACC) could enhance emotional learning and memory for extinction of fear memories ([@ref174]; [@ref77]). Yet, the dACC may lie out of reach for tDCS and conventional rTMS and might therefore better be targeted by techniques such as deep TMS ([@ref282]; [@ref233]; [@ref132]). In addition, the occipital cortex ([@ref134]), the parietal cortex ([@ref240], [@ref242]) and the cerebellum ([@ref241]; [@ref87]) may be suitable NBS targets to improve emotion regulation or restore emotional perception deficits in affective disorders ([@ref145]).

Fourth, applying rTMS in certain rhythmic patterns or using transcranial alternate current stimulation (tACS) can induce interaction with other components of brain function than conventional rTMS and tDCS, e.g. by influencing ongoing oscillatory activity ([@ref208]; [@ref238]; [@ref261]). Such techniques may provide an alternative pathway to modulate cortical excitability ([@ref208]) and cognitive functions like working memory ([@ref5]).

Finally, NBS effects are shaped by many technical ([@ref138]; [@ref281]; [@ref133]; [@ref27]; [@ref126]; [@ref154]), biological ([@ref56]; [@ref166]; [@ref88]; [@ref258]; [@ref135]; [@ref10]), clinical ([@ref106]) and personal factors ([@ref229]; [@ref127]; [@ref129]; [@ref263]). However, the data in the present quantitative analysis did not allow analyses of all these factor-specific effects. Accordingly, the estimated effect sizes in this work might not be applicable to specific methods or populations. Future research should determine if and how moderating factors shape the scope of prefrontal NBS effects, particularly those moderating factors that are relevant to stress and emotion.

Conclusion {#sec19}
==========

This review and quantitative analysis presents an overview of the direct effects of single-session prefrontal NBS on emotional stress reactivity as investigated with various NBS methods. These studies together do not provide evidence for a one-directional effect of prefrontal NBS on emotional stress reactivity in healthy individuals. However, the magnitude and direction of NBS effects on emotional reactivity may depend on various technical, experimental, neurobiological and mental state factors, which prevent drawing definite conclusions about the overall direct effects of prefrontal NBS on stress-related emotions. Effects of specific NBS methods demonstrate a small beneficial effect on emotional stress reactivity of anodal tDCS. These preliminary findings imply that prefrontal NBS can potentially be used to facilitate resilience against the detrimental impact of stress on cognitive functioning and mental health, but only if this technique is further investigated and developed.
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